Ferritchromite is rarely reported in forearc mantle peridotites. This contribution describes ferritchromite alteration and zoned Cr-spinel in serpentinites from the Rio San Juan Complex in the Dominican Republic. These rocks originated from the forearc mantle and protruded along lithosphere-scale faults in the mid Eocene. # >0.5) is common in ultramafic rocks in amphibolite-grade terranes; however, the serpentinite samples described herein show little evidence of high-grade metamorphism. The lowtemperature serpentine-group mineral lizardite is dominant and high-temperature antigorite is either very rare or absent; other high-temperature minerals, such as talc, tremolite and cummingtonite, are trace constituents. The observed zoning in the Cr-spinel is thought to represent 'immature' ferritchromite, probably formed in response to a short-lived thermal event. This event appears to have been on too short a timescale to produce either proper ferritchromite or significant quantities of high-temperature minerals. It may be related to the emplacement of the nearby Rio Boba Intrusion, or the upward protrusion of the serpentinites along the lithosphere-scale Septentrional fault zone from the base of the mantle wedge through its hotter interior. We suggest that such alteration is rare in forearc serpentinites because they are not commonly heated during exhumation along the plane of subduction. This work demonstrates that Cr-spinel compositions can be modified by relatively low-grade metamorphism.
Introduction
CHROMIUM-SPINEL (chromite) is used as a petrological indicator in a wide variety of mafic and ultramafic rocks (e.g. Irvine, 1967; Dick and Bullen, 1984; Barnes and Roeder, 2001) , and is especially useful in evaluating the tectonic provenance of serpentinites (e.g. Hattori and Guillot, 2007) because it is commonly the only primary mineral preserved in hydrated peridotites. However, Cr-spinel compositions can be modified during serpentinization and metamorphism. A notable common alteration of Cr-spinel involves an increase in Fe 3+ and Fe 2+ contents at the expense of Al 3+ and Mg 2+ , respectively, without major change in Cr 2 O 3 (e.g. Barnes and Roeder, 2001) . The resulting high Fe and Cr spinel, informally known in the literature as 'ferritchromite' or 'ferritchromit' (Spangenberg, 1943 , and cited in, among others, Frost, 1975 and González-Jiminez et al., 2009) , has been extensively studied and reported from a variety of locations (e.g. Beeson and Jackson, 1969; Ulmer, 1974; Onyeagocha, 1974; Bliss and MacLean, 1975; Pinsent and Hirst, 1977; Barnes, 2000; Standish et al., 2002; Säntti et al., 2006; Merlini et al., 2009; González-Jiminez et al., 2009) .
These reported occurrences of ferritchromite are hosted by metamorphosed serpentinites within a variety of tectonic settings. However, the occurrence of ferritchromite in forearc mantle peridotites is very rare and, to our knowledge, has only been reported from hydrated forearc peridotites of the Omi serpentinite mélange in the Hida Mountains of northern Japan (Tsujimori et al., 2004) .
This manuscript reports a new occurrence of ferritchromite and zoned Cr-spinel in forearc mantle serpentinites exposed along a major deformation zone in the northern Dominican Republic. These samples record progressive changes in Cr-spinel compositions, which represent the onset of alteration to ferritchromite. Furthermore, these data suggest that there is FIG. 1. Map of the investigated area, modified from Draper and Nagle (1991) and Saumur et al. (2010) . Cuaba serpentinites are found in the Rio Cuevas and Lomá Quita Espuela areas located near the Septentrional Fault Zone (SFZ) northeast of San Fransisco de Macoris. The location of the study area is shown in the inset. Inliers containing subduction related rocks are also shown: S, Samaná; PP, Palma Picada; PG, Pedro Garcia; PPC, Puerto Plata
Complex; RSJC, Rio San Juan Complex.
significant mobility of major and trace elements in Cr-spinel even at low degrees of metamorphism. We also speculate on potential reasons for which ferritchromite alteration is uncommon in forearc mantle serpentinites.
Geological setting
Surface exposures in the northern Dominican Republic consist largely of Upper Eocene to Pliocene sedimentary rocks and Quaternary deposits (Lewis et al., 1990) . Older rocks crop out in five inliers which expose subductionrelated units of the Rio San Juan complex (RSJC), the Puerto Plata complex, the Pedro Garcia inlier, the Palma Picada inlier and the Samaná Peninsula complex (Fig. 1 ). These rocks were formed during the subduction of ProtoCaribbean lithosphere (the southern portion of the North American plate) under the northern margin of the Caribbean plate between the late Cretaceous and mid Eocene (e.g. Pindell et al., 2012) . Subduction ceased in response to the oblique collision of the Bahamas Platform (North American plate), and this collision resulted in the development of sinistral transform faults along the northern Caribbean margin. The
Septentrional and Camú fault zones are two such sinistral transform faults in the northern Dominican Republic (e.g. Mann and Gordon, 1996) . Serpentinites are exposed in the Puerto Plata complex and the RSJC. The Puerto Plata Complex is interpreted to be a deformed ophiolitic complex (Pindell and Draper, 1991) and contains brecciated and sheared serpentinites, tectonized harzburgite, gabbro and volcanic rocks. The RSJC is divided into three components: the northern, central and southern parts. The northern part of the RSJC (also known as the Gaspar Hernandez Serpentinites) is similar to the Puerto Plata complex, and consists of brecciated and massive serpentinites of low metamorphic grade. The central and southern parts of the RSJC expose a fossil subduction channel in which subducted oceanic lithosphere and mantle wedge peridotites physically mingled [according to the interpretations of Gorczyk et al. (2007) and Krebs et al. (2008) ]. The central part consists of retrogressed blueschists and eclogites and two serpentinite mélanges (the Jagua Clara and Arroyo Sabana mélanges) which contain metre-scale blocks of blueschist, eclogite and metamorphosed felsic rock aligned with a sub-vertical foliation.
FIG. 2. The Mg/Si vs. Al/Si bulk rock weight ratios of serpentinites in the Cuaba Unit, modified from Saumur et al. (2010) . The compositional variations expected during progressive partial melting are shown by the arrows, and primitive mantle values (P.M.) are taken from McDonough and Sun (1995) . Bulk-rock compositions of Cuaba Unit serpentinites reported by Saumur et al. (2010) are consistent with a forearc mantle origin. Data sources are as follows: Mariana forearc serpentinites (Ishii et al., 1992; Parkinson and Pearce, 1998) ; serpentinites from Talnakh, Himalayas (Guillot et al., 2001) ; forearc serpentinites from the northern Caribbean margin (Bowin et al., 1966; Hattori and Guillot, 2007; Saumur et al., 2010) ; and abyssal peridotite (Abyssal Per., Niu, 2004; Oceanic DR Serp, Saumur et al., 2010) .
Retrogressed eclogitic rocks originating from oceanic protoliths (Hattori et al., 2010a) are the dominant rocks in the southernmost unit of the RSJC and are described herein as the Cuaba Unit [these are described as the Cuaba Amphibolite in some earlier publications (e.g. Draper and Nagle, 1991) ]. Small amounts of ultra high pressure (UHP) garnet peridotite have been reported along the Rio Cuevas stream (Fig. 1) ; the origin of these UHP rocks is currently a matter of debate (e.g. Abbott and Draper, 2010; Hattori et al., 2010a,b; Gazel et al., 2011; De Hoog, 2012; Gazel et al., 2012) . Serpentinites represent only minor components of the eclogitic Cuaba Unit. They form lenticular bodies within the unit (Hattori et al., 2010a; Saumur et al., 2010) which crop out~10 km northeast of San Fransisco de Macoris (Fig. 1 ). In the Lomá Quita Espuela area, the serpentinites form 100 m scale exposures along gravel roads. They are generally massive and locally exhibit a steeply dipping foliation of moderate intensity. The serpentinites are also abundant as large angular boulders, up to~1 m in size, along the Rio Cuevas. Although they were not located in situ, the large size, shape and the abundance of these boulders in a narrow (5À10 m) and shallow (<1 m) stream suggest a proximal source.
An analysis of whole-rock geochemistry and primary Cr-spinel compositions by Saumur et al. (2010) showed that two types of serpentinite occur in the northern Dominican Republic. The first type is present in large volumes within the subduction complex and occurs in the Puerto Plata Complex, Gaspar Hernandez Serpentinites, Jagua Clara Mé lange and Arroyo Sabana Mélange. These serpentinites have high Al and low Mg bulk-rock compositions and contain relatively chromium-poor Cr-spinel; these characteristics are consistent with an abyssal peridotite origin. The second type of serpentinite is interpreted as originating from forearc mantle peridotites. It occurs along the major Septentrional and Camú strike-slip fault zones, and has high Mg and low Al bulk-rock compositions (Fig. 2) and contains chromiumrich Cr-spinel (Fig. 3) . On the basis of the distribution of forearc serpentinites and the observed deformation fabrics within the serpentinites and host rocks, the forearc serpentinites are considered to have protruded from the base of a mantle wedge to shallow crustal levels along fault zones during post-Eocene transpression (Saumur et al., 2010) . These relatively buoyant serpentinites probably contributed to the exhumation of HP and UHP rocks in the subduction channel (Gorczyk et al., 2007; Hattori et al., 2010a (Ishii et al., 1992) and the abyssal peridotite field is after Dick and Bullen (1984) . The field of metamorphic Cr-spinels was redrawn from Säntti et al. (2006) after Evans and Frost (1975) .
The RSJC includes the Rio Baba Intrusion (Fig. 1) , which has not been the focus of extensive study. It consists of granodiorite and gabbro and is thought to have intruded the Cuaba Unit (Draper and Nagle, 1991) . The timing of its emplacement relative to regional faulting is not known, but intrusion contacts appear to be at least partly faultcontrolled, suggesting that emplacement was relatively late. No obvious contact aureole has been observed, but its emplacement may, never- This contribution focusses exclusively on samples of forearc mantle serpentinites from the Cuaba Unit (collected along the Rio Cuevas and at Lomá Quita Espuela); it is these serpentinites which exhibit various degrees of compositional zoning of Cr-spinel.
Analytical methods
Serpentinite samples were collected along the Rio Cuevas (samples RD45, RD48 and RD60) and at Lomá Quita Espuela (samples RD34a, RD34c, RD68, RD6-36a and RD6-36c). The Cr-spinels were examined by transmitted-light and incidentlight microscopy. Backscattered-electron (BSE) images were collected using a Lamont four element solid-state detector and BSE Quad Summing Amplifier. Mineral compositions (27 grains) were determined on an automated CAMEBAX MBX electron microprobe using four wavelength-dispersive spectrometers. Counting times were 15 s per element, except for Fe (20 s) and Ni (40 s). A 15 kV accelerating potential and 20 nA beam current were used. The calibration standards were pure wollastonite (Si, Ca), synthetic spinel (Al), synthetic Cr 2 O 3 (Cr), forsterite (Mg), synthetic MnTiO 3 (Mn, Ti), pure vanadium metal (V), albite (Na), fayalite (Fe in silicates), synthetic Fe 2 O 3 (Fe in oxides), tugtupite (Cl) and synthetic lithium fluoride (F).
The Fe 2 O 3 content of the Cr-spinel was calculated assuming stoichiometric compositions (e.g. Bliss and MacLean, 1975; Dick and Bullen, 1984; Barnes and Roeder, 2001) . One drawback of this method is that errors associated with other elements propagate into larger errors in estimated Fe 3+ (Wood and Virgo, 1989) . This is important to recognize when dealing with relatively small variations in ferric iron content (Barnes and Roeder, 2001 ). However, we consider this effect to be negligible in our samples (Table 1) because Fe 2 O 3 values are generally high (>2 wt.%), and intragrain variations are significant (>10 wt.%).
Serpentine-group minerals were identified using powder X-ray diffraction and microRaman spectrometry. The analytical methods pertaining to these are described by Saumur et al. (2010) .
Results

Petrography of the Cuaba serpentinites
All of the samples are almost fully hydrated (11À14% loss on ignition) and are dominated by pseudomorphic mesh-textured serpentine after olivine (Saumur et al., 2010) . Bastite after orthopyroxene is rarely observed. Samples RD34a and RD68 are the only ones in which minor amounts (<1 vol.%) of primary olivine (Fo 90 ) and orthopyroxene (En 89À91 ) remain; in most samples Cr-spinel is the only preserved primary mineral. Fine-grained dusty magnetite forms less than 1 vol.% of samples and has nearendmember compositions. Samples RD34 and RD6-36 contain minor talc and tremolite (<2 vol.%) and traces of cummingtonite. No secondary metamorphic olivine and pyroxene were found. Powder X-ray diffraction (XRD), micro-Raman spectrometry and microscopy suggest that the dominant serpentine-group mineral is lizardite, with minor chrysotile (Saumur et al., 2010) . The ).
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pseudomorphic mesh texture of lizardite suggests that olivine was converted to lizardite, which is typical of low-temperature serpentinization (O'Hanley, 1996 Ishii et al., 1992; Ohara and Ishii, 1998; Fig. 3b ). These features, along with low Ti (<0.21 wt.% TiO 2 ) contents, suggest that the grain cores are not significantly metamorphosed, and probably represent primary compositions. The Zn content in the Cr-spinel cores varies from 0.46 to 0.95 wt.% ZnO, which is unusually high for Crspinels in mantle-wedge peridotites (see compilation by Arai and Ishimaru, 2011) .
On the basis of the observed textural and compositional changes in the Cr-spinel, a sequence of events can be established. Chromium-spinel grains from sample RD68 are weakly zoned (and are termed 'weakly zoned' in Fig. 3 and subsequent figures) . The edges of these grains are slightly brighter in backscatteredelectron (BSE) images (Fig. 4bÀd) as a result of an increase in their Fe 2+ content and a decrease in Mg 2+ . However, zoning is patchy and a concentric pattern is not well developed (Fig. 4c , top left side of grain; Fig 4d, top part of grain) . The Cr# ratios are slightly higher at the grain rims, as shown by the slightly darker zones in close proximity to the bright rims in the BSE images (Fig. 4cÀd) , and in diffuse darker areas within the grains (Fig. 4b) . The Fe 3+ content at the rims remains low and is similar to that at the cores (Table 1) .
The Cr-spinel in all of the other samples described in this study (RD34a, RD34c, RD6-36, RD45, RD48 and RD60) exhibits more prominent compositional zoning (termed 'well zoned' in Fig. 3 and subsequent figures) than sample RD68. In transmitted light, such grains are either nearly opaque or have dark brown cores which gradually increase in opacity toward their rims (Fig. 5a ). Gradational concentric compositional zoning is apparent in BSE images (Fig. 5cÀe) . In addition to a decrease in Mg# and a small increase in Cr content, a pronounced increase in Fe 3+ # occurs at the rims (Figs 3 and 6a). Rim compositions plot close to the low Fe end of the ferritchromite composition field (Figs 3b and 7) which is defined by published data on ferritchromite in ultramafic rocks metamorphosed under amphibolite facies conditions reported from other localities (e.g. Evans and Frost, 1975; Pinsent and Hirst, 1977; Liipo et al., 1995b; Suita and Strieder, 1996; Barnes and Roeder, 2001) . Overall, the rims of well zoned grains have lower Al, Mg, and Zn contents and are enriched in Fe, Cr, Ti, Mn, Ni and V compared to the cores (Table 1; Figs 6À8) .
Several grains of Cr-spinel in samples RD60 and RD34a (Fig. 5a,b) are cut by numerous microscopic fractures which intersect at constant angles within a given grain. These fractures are commonly filled with clinochlore or lizardite. Although such fractures might represent the octahedral spinel partings described by Deer et al. (1992) , it is also possible that they represent relics of lattice exsolution along {111} crystallographic planes. Such exsolution has been reported to occur in Cr-spinel during oxidation (Haggerty, 1991) . These grains have similar compositions to the well zoned grains described above ('with pervasive fractures' in Fig. 3 and in subsequent figures), but have partly or completely lost the zoning pattern observed in the well zoned grains (Figs 3 and 5b) . The Fe 3+ and Fe 2+ contents adjacent to fractures (Fig. 5c ) and possible exsolution relics (Fig. 5b,d, outside the fields of forearc peridotite (Fig. 3) , and show relatively high Fe 3+ # (0.11À0.22) and high Ti (0.15À1.07 wt.% TiO 2 , mostly below 0.40 wt.%). These observations suggest that fluid penetration along intragrain fractures caused localized alteration and even homogenization of Cr-spinel. Nevertheless, these compositions remain close to primary and, as discussed more fully in the following text, are markedly different from typical ferritchromite or metamorphosed Cr-spinel.
Clinochlore and magnetite
Well zoned Cr-spinel is commonly partially surrounded by coronae of Mg-rich chlorite, hereafter described as clinochlore (Mg# = 0.94À0.96; Table 2 ), which contains significant Cr 2 O 3 (1.24À3.01 wt.%). The clinochlore is subhedral and bladed in shape, overprints mesh-textured lizardite (Fig. 5a) , and is commonly intergrown with magnetite near Cr-spinel grains (Fig. 5c,d ) suggesting contemporaneous crystallization.
Magnetite commonly occurs at or near rims of all types of Cr-spinel and, like the dusty magnetite grains within the serpentine matrix, has nearendmember compositions (Fe 3+ # = 0.97; Mg# = 0). The evidence supports its formation during serpentinization, as suggested by Evans and Frost (1975) . Such magnetite around zoned Cr-spinel grains forms a distinct phase from the Fe-enriched rims of zoned Cr-spinel (Fig. 5f ).
Discussion
Origin of zoning: alteration sequence of Crspinel
Textural evidence suggests that the zoning observed in Cr-spinel is not a primary feature; but instead appears to be due to alteration. Indeed, there appears to be a relationship between zoning FIG. 7. Ternary diagram of atomic Cr 3+ ÀFe 3+ ÀAl 3+ compositions. As in Fig. 3 , the magnetite in the Cuaba samples is low in Cr and plots in the field of 'mag rims'. The field for ferritchromite and its compositional trend was obtained from data and diagrams given by Barnes and Roeder (2001) , Pinsent and Hirst (1977) and Liipo et al. (1995b) . Fields for greenschist, lower-amphibolite, upper-amphibolite and granulite-grade spinels were obtained from Evans and Frost (1975) and Suita and Strieder (1996) , as cited by González-Jiménez et al. The composition field for Cr-spinel in amphibolite-facies metamorphic rocks is based on data compiled by Barnes (2000) for Cr-spinel in metamorphosed komatiites (see text for discussion). Only those parts of the compositional space relevant to the Cuaba samples are shown. Chromium-spinel which has been metamorphosed under amphibolite-facies conditions commonly contains high Zn (up to~8.0 wt.% ZnO) and Mn (up to~2.7 wt.% MnO) which are beyond the values shown in these diagrams. and the degree of hydration and metamorphism of the serpentinite as shown by the following observations: (1) weakly zoned Cr-spinel occurs in sample RD68 which contains primary silicate minerals; (2) apart from sample RD34a, well zoned Cr-spinel occurs in samples which are fully hydrated; (3) grains with abundant fractures occur in samples which show evidence of higher-grade metamorphism, such as the rare cummingtonite, talc and tremolite. Furthermore, the occurrence of clinochlore coronae around Cr-spinel and the texture of clinochlore overprinting lizardite confirm that the zoning in Cr-spinel and the crystallization of clinochlore post-dated serpentinization.
In cumulate rocks, zoning in Cr-spinel might originate as a result of reactions with the intercumulus liquid. However, this mechanism is not applicable to the samples described herein as the serpentinites have a bulk rock geochemistry inconsistent with a cumulate origin, and consistent with an origin as hydrated residual mantle peridotite ( Fig. 2; Saumur et al., 2010 ). There is a possibility that residual mantle peridotites could have reacted with partial melts in the mantle wedge; however, such peridotites would have low Mg contents in the silicate minerals and bulk rocks (e.g. Kelemen et al., 1990; Morgan and Liang, 2003) . Therefore, this possibility can be discounted on the basis of the high Mg# of relict olivine, relict orthopyroxene and bulk rocks. In addition, there is no textural evidence to support this possibility.
We propose the following zoning sequence. The first stage involves the replacement of Mg 2+ The reactions outlined above do not explain the increases in Cr observed in the rims in both weakly (Fig. 4bÀd ) and well zoned (e.g. Fig. 6a ) Cr-spinel grains. Kimball (1990) showed that during Cr-spinel breakdown, Cr is preferentially incorporated in Cr-spinel and Al in clinochlore, and that this results in higher Cr and lower Al in the remaining Cr-spinel. Although this explanation is consistent with the compositions of the zoned Cr-spinel which have clinochlore coronae, it does not explain the slight increase in Cr# in the rims of weakly zoned Cr-spinel grains which lack marginal clinochlore. The small increase in Cr 3+ could be partly primary (before serpentinization); for example, it could be related to partial melting which would have preferentially removed Al and consequently increased the Cr content of Cr-spinel in the residue. Alternatively, a reaction involving Cr 3+ and Al 3+ exchange between Cr-spinel and lizardite may have increased the Cr content of the Cr-spinel. Lizardite is known to incorporate Al into its structure near to its upper thermal stability limit at~300ºC (Caruso and Chernosky, 1979; Evans, 2004) . If Al was sequestered by the surrounding lizardite, this would reduce the Al and increase the Cr content in the outer part of the Cr-spinel.
The alteration sequence in these samples is similar to that reported from the Kalkan Chromitite in the southern Urals by Merlini et al. (2009) . The serpentine-group mineral in the Kalkan Chromitite is antigorite, which contrasts with the dominance of lizardite in this study. Therefore the polymorphism of the serpentine phase involved in the reaction with Cr-spinel appears to have no bearing on the occurrence of ferritchromite alteration.
Thermal conditions of alteration of Cr-spinel
The formation of ferritchromite in serpentinites requires heating after serpentinization (e.g. Cerny, 1968) , and a variety of conditions have been proposed for its onset. Temperatures between 300ºC and 400ºC during greenschist-facies metamorphism (Standish et al., 2002; Iyer et al., 2008; González-Jiminez et al., 2009; Merlini et al., 2009) , and as high as 500ºC during amphibolite-grade metamorphism (e.g. Bliss and MacLean, 1975; Pinsent and Hirst, 1977; Barnes, 2000; Mellini et al., 2005) , have been proposed. Furthermore, different types of reactions have been proposed for the formation of ferritchromite. Divalent cations in Cr-spinel are known to be mobile at low temperatures (Barnes, 2000) and alteration in Cr-spinel similar to that reported here in the weakly zoned samples has been observed in greenschist-facies metamorphic rocks (e.g. Evans and Frost, 1975; Suita and Strieder, 1996; González-Jiménez et al., 2009) . The mobility of trivalent cations, notably Fe 3+ , is favoured by oxidizing conditions, which typically occur in serpentinites during prograde metamorphism after serpentinization (Frost, 1985) .
The compositions of the Cr-spinel rims in our study differ from ferritchromite compositions reported from amphibolite grade metamorphic terranes. Indeed, the Fe 3+ # ratios of 0.03À0.35 at grain rims are low compared to those of typical ferritchromite (usually >0.5, see Fig. 7) , and the Zn, Mn and Ti contents are generally lower than ferritchromite in amphibolite-grade rocks (Fig. 8 , see discussion below). Such compositions suggest that ferritchromite is not fully developed and is compositionally immature. Furthermore, ferritchromite in amphibolite-grade rocks commonly replaces the entire Cr-spinel grains, whereas in these samples the alteration is, for the most part, limited to the outer rims. Finally, in high metamorphic grade terranes, complete clinochlore coronae are common around Cr-spinel grains, whereas only partial clinochlore coronae have developed in our samples. Thus, compositional and textural evidence suggest that reaction 3 is incomplete, and that the rims of zoned Cr-spinel represent only the initial stages of ferritchromite alteration.
The immature development of ferritchromite is further supported by the rarity of high-temperature minerals in the Cuaba serpentinites. Cummingtonite, tremolite and talc occur only rarely in samples RD34 and RD6-36. Cummingtonite is generally considered to form at high temperatures (e.g. Frost, 1975; Evans, 1977) , whereas talc and tremolite, although they form over a wide range of temperatures, generally crystallize above 400ºC (Evans and Frost, 1975) . Samples containing these minerals also contain Cr-spinel showing extensive microscopic fractures representing the highest degree of Cr-spinel alteration observed in this study. High-temperature phases are notably absent in sample RD68, which shows only subtle zoning in the Cr-spinel. The correlation of the high-temperature minerals and the alteration of Cr-spinel suggests that they are formed by related processes.
Although some high-temperature minerals were identified, the Cuaba serpentinites are dominated by lizardite, which is stable at temperatures of up to~300ºC (Evans, 2004; Schwartz et al., 2013) . Lizardite alters to antigorite at higher temperatures, but no antigorite was detected in the samples. Furthermore, no textural evidence for the retrograde replacement of antigorite by lizardite was observed. Lizardite typically exhibits mesh, hourglass and bastitic pseudomorphic textures after primary olivine and orthopyroxene. The occurrence of lizardite with rare hightemperature phases suggests that it was, at some point, metastable. It is probable that the thermal event, with a peak temperature which appears to have been in excess of 300ºC, was too short-lived to allow the conversion of lizardite to antigorite.
Therefore, the degree of alteration of Cr-spinel and the overall mineralogy of the Cuaba serpentinites are consistent with heating above the serpentinization temperature, which is consistent with previous work. However, we emphasize that in the case of the Cuaba serpentinites, this thermal event was probably brief, inhibiting the conversion of lizardite to antigorite, resulting in the rarity of high-temperature minerals, and preventing the complete development of ferritchromite and clinochlore coronae.
The major element compositional variations in Cr-spinel documented in this study are similar to those reported from chromitites in the Dobromirtsi Massif in southeast Bulgaria (González-Jiménez et al., 2009 occur at higher grade metamorphic conditions. Although the sequence of alteration is consistent with that described in this study, the compositional changes are greater in extent in Dobromirtsi samples than in Cuaba samples because of sustained high-grade metamorphism under amphibolite facies conditions.
Primary Zn content of Cr-spinel
The Zn contents in Cr-spinel cores from the Cuaba serpentinites range between 0.46 and 0.95 wt.% ZnO (Fig. 8a) . Previous work has suggested that Zn concentrations in excess of 0.5 wt.% ZnO in Cr-spinel are noteworthy (Groves et al., 1983; Wylie et al., 1987; Johan and Ohnenstetter, 2010 , and references therein). They are especially uncommon in forearc mantle peridotites, probably because of the mildly incompatible behaviour of Zn during partial melting of the mantle which is inferred from the slightly higher Zn contents of mid-oceanic ridge basalt and continental crust compared to the primitive mantle value (e.g. McDonough and Sun, 1995) .
A high Zn content in Cr-spinel, of 1À8 wt.% ZnO, is common in metamorphosed ultramafic rocks, (e.g. Paktunc and Cabri, 1995; Barnes, 2000; Säntti et al., 2006) . However, the general lack of a metamorphic overprint on the Cr-spinel cores in the Cuaba samples suggests that a metamorphic origin for the high Zn contents is unlikely. Interactions with late-stage magmatic fluids, which are known to cause metasomatic Zn-enrichment in Cr-spinel (e.g. Johan and Ohnenstetter, 2010) , is also unlikely as the Cuaba serpentinites originated from residual mantle peridotite.
High Zn contents in Cr-spinels in forearc peridotites might be explained by their reequilibration with olivine prior to serpentinization. Zinc has a strong affinity with spinel compared to other silicate minerals. The partition coefficient of Zn between Cr-spinel and olivine is far greater than 10 and strongly dependent on temperature, with higher Zn contents in Cr-spinel expected at lower temperatures (e.g. Ryan et al., 1996; De Hoog et al., 2010) . The subduction zone below the Caribbean plate was exceptionally cool: a lawsonite schist was produced in the RSJC and Samaná Peninsula (Zack et al., 2004; Schertl et al., 2012) ; and the geothermal gradient of the subduction zone is estimated to have been~8ºC km À1 (Zack et al., 2004; Krebs et al., 2008; Schertl et al., 2012) . Thus the high Zn contents of the Cr-spinel cores could be attributed to the unusually cool temperatures of the northern Caribbean forearc.
Behaviour of minor elements during Cr-spinel alteration
The compositions of Cr-spinel in the Cuaba samples can be compared to those of spinel in komatiites compiled by Barnes (2000) . Using the diagrams presented in that contribution, we have created fields for 'amphibolite' and 'greenschist/ primary' spinel (Fig. 8) . The komatiites are variably metamorphosed and the plots illustrate the compositional characteristics of Cr-spinel which has undergone metamorphism. Spinel in amphibolite-facies rocks has consistently high Zn, Mn and Ti contents and lower Mg# compared to that in greenschist-facies rocks (Fig. 8) .
In the Cuaba samples, the Cr-spinel rims have lower concentrations of Zn (0.32À0.71 wt.% ZnO; Fig. 8a ) compared to cores, and their compositions plot in the field for Cr-spinel that has been metamorphosed under greenschist-facies conditions. Compositional variations between cores and rims suggest that Zn behaves like Mg (Fig. 6 ) and is liberated from Cr-spinel during initial-stage reactions with serpentine or Mg-and Si-rich fluids, as suggested by González-Jiménez et al. (2009) . If these samples had undergone amphibolite-facies metamorphism and the duration of this event had been sufficient to alter the compositions of Cr-spinel, an enrichment in Zn would be expected in Cr-spinel, comparable to that observed amphibolite-grade spinels in komatiites (Fig. 8) .
The Mn contents of the Cr-spinel cores are low (0.15À0.47 wt.% MnO; Fig. 8b ), and the rims show a progressive increase in Mn with increasing total Fe content, with some plotting in, or near, the amphibolite field. The behaviour of Ti is similar to that of Mn (Figs 6b and 8c) . Increasing Mn and Ti are most probably the result of alteration of Cr-spinel, consistent with the well documented increases of Mn and Ti in Cr-spinel in amphibolite-grade rocks (Barnes, 2000) . The evidence suggests that Mn and Ti follow the same well documented progressive enrichment during alteration as Cr-spinels reported in metamorphosed komatiites (Fig. 8b,c) . Furthermore, our data suggests that they may be enriched in Cr-spinel prior to Zn during prograde metamorphism, although this might depend on the composition of the syn-metamorphic fluid.
Vanadium has a wide range of oxidation states, from +2 to +5. Divalent and trivalent V are compatible with silicate and oxide minerals, but pentavalent V is incompatible (Mallmann and O'Neill, 2009) . As mantle wedges are generally oxidized (e.g. Parkinson and Arculus, 1999; Wang et al., 2008) , V in forearc and subarc mantle is expected to be incompatible. Consequently, V contents are low in the mantle and in Cr-spinel (Richter et al., 2006) . During metamorphism, the V content of Cr-spinel generally increases, as shown by the high (9 wt.% as V 2 O 3 ) content in some rocks metamorphosed to amphibolite-facies conditions (Säntti et al., 2006) . Although V levels are not as high in the Cuaba samples, the slight increase in V at grain rims (Fig. 6b) is consistent with previous reports (Säntti et al., 2006) of V enrichment during Cr-spinel alteration.
Causes of Cr-spinel zoning in forearc serpentinites
As noted in the introduction, ferritchromite is very rare in forearc mantle peridotites. Our detailed examination of forearc mantle serpentinites in the Marianas and the Himalayas failed to identify ferritchromite (Saumur et al., 2011) . Furthermore, ferritchromite is notably absent in forearc serpentinite along the Camú fault which originated from the same forearc mantle as the Cuaba samples, but is closer to the trench than these samples from the Septentrional fault, ( Fig. 1 ; Saumur et al., 2010) .
The lack of ferritchromite alteration in typical forearc mantle serpentinites can be explained by thermal histories which differ from that of the Cuaba serpentinites. Forearc mantle serpentinites are usually exhumed from the base of a mantle wedge in subduction channels located along subducting plates (e.g. Gerya et al., 2006) , and such exhumation is accompanied by a simple cooling, without heating which would cause these serpentinites to go through amphibolite-facies conditions. The occurrence of ferritchromite alteration in the Cuaba samples suggests that they have been affected by a late heating event atypical of usual serpentinite exhumation. The reports of amphibolite-facies conditions within Omi forearc serpentinites, which also exhibit ferritchromite in accessory Cr-spinel (Tsujimori et al., 2004) are consistent with this suggestion.
There are two possible explanations for the occurrence of ferritchromite in the Cuaba samples. The first possibility is related to the protrusion of these serpentinites from the base of the mantle wedge towards higher crustal levels along the Septentrional fault zone (Saumur et al., 2010) . The interiors of mantle wedges are hotter than their bases near the slab, and therefore Cuaba serpentinites would have been heated during their protrusion through the forearc. This would also explain the lack of ferritchromite in serpentinites along the Camú fault zone: because of their position closer to the palaeo-trench, compared to Cuaba serpentinites, the Camú serpentinites would have protruded through a thinner and cooler mantle wedge than the Cuaba serpentinites, and therefore would not have experienced significant temperature increases during protrusion.
The second possible source of heating is related to the emplacement of the Rio Boba Intrusion, which is located 1À2 km north of Rio Cuevas and Loma Quita Espuela (Fig. 1) . Again, this explanation would be consistent with the lack of Cr-spinel zoning in CFZ serpentinites, which are located at a greater distance from the known northern extent of the Rio Boba Intrusion (>15 km), and thus were probably unaffected by its emplacement.
Conclusion
We report the rare occurrence of ferritchromite alteration of Cr-spinel in forearc serpentinites located in the southern part of the RSJC in the northern Dominican Republic. Ferritchromite occurs rarely in hydrated forearc mantle peridotites because they are not commonly heated during exhumation.
Chromium-spinels in this study record the early stages of ferritchromite formation. The first stage of alteration is characterized by the replacement of Mg 2+ by Fe 2+ and, to a lesser extent, Al 3+ by Cr 3+ . This is followed by the replacement of Al
3+
by Fe 3+ at slightly higher temperatures. The Mg and Al (and minor Cr) released from Cr-spinel produce partial coronae of Cr-bearing clinochlore, which is commonly intergrown with magnetite. This alteration occurred at conditions at which lizardite, the dominant species of serpentinite in these rocks, was metastable, and rare highertemperature minerals such as talc, tremolite and cummingtonite crystallized. Thus, the observed Cr-spinel zoning (i.e. compositionally and texturally immature ferritchromite rims) is interpreted to have formed in response to a short-lived thermal event that did not allow the full development of ferritchromite and clinochlore coronae.
The contents of Ti and Mn in the Cr-spinel rims are consistent with our interpretation that the serpentinites underwent only minor degrees of metamorphism. Relatively high Zn in the cores reflect cool temperatures of the northern Caribbean mantle wedge, whereas lower Zn at rims was produced during the early stages of Crspinel alteration.
This study confirms that the compositions of Cr-spinel may be modified during low-grade metamorphism. Some caution must therefore be exercised in using Cr-spinel compositions for petrogenetic studies, even in slightly metamorphosed serpentinites.
